This report describes high-frequency germline gene targeting at two genomic loci in Drosophila melanogaster, y and ry. In the best case, nearly all induced parents produced mutant progeny; 25% of their offspring were new mutants; and most of these were targeted gene replacements resulting from homologous recombination (HR) with a marked donor DNA. The procedure that generates these high frequencies relies on cleavage of the target by designed zinc finger nucleases (ZFNs) and production of a linear donor in situ. Increasing expression of ZFNs led to higher frequencies of gene targeting, demonstrating the beneficial effect of activating the target. In the absence of a homologous donor DNA, ZFN cleavage led to the recovery of new mutants at three loci -y, ry and bw -through nonhomologous end joining (NHEJ) after cleavage. Because zinc fingers can be directed to a broad range of DNA sequences and targeting is very efficient, this approach promises to allow genetic manipulation of many different genes, even in cases where the mutant phenotype cannot be predicted.
To discover the function of a gene, a geneticist will typically isolate mutations in that gene and evaluate their effects. Large mutant collections exist for a number of model organisms, but some genes are not represented, and the nature of the alterations is not under the control of the experimenter. It is frequently desirable to be able to introduce targeted mutations to address specific questions about gene function. Particularly with the sequences of complete genomes of many organisms now available, gene identification is facilitated, but producing directed mutations is often still challenging. While genes or gene segments can be readily isolated and manipulated, methods to replace a chromosomal segment with the altered DNA by homologous recombination are frequently limited by low frequency of the desired event and competition with random integration (VASQUEZ et al. 2001) .
In Drosophila melanogaster Rong and Golic introduced a gene targeting procedure based on generation of a linear donor DNA in situ (RONG and GOLIC 2000a) . Their approach was predicated on the observations in many situations that DNA ends are recombinagenic. In our view the efficiency of recombination between donor and target is still limited because the chromosomal target is largely inert. It is certainly true in model reactions that cleaving the target enhances the frequency of recombination with the donor (CHOULIKA et al. 1995; COHEN-TANNOUDJI et al. 1998; DONOHO et al. 1998; ROUET et al. 1994; SMIH et al. 1995) .
We have begun to employ hybrid proteins called zinc finger nucleases (ZFNs) (BIBIKOVA et al. 2001; KIM et al. 1996; SMITH et al. 2000) as targetable cleavage reagents that have the potential to make double-strand breaks at arbitrarily chosen sites. These proteins consist of a DNA-binding domain composed of zinc fingers linked to a nonspecific DNA-cleavage domain derived from the restriction endonuclease, FokI. Each zinc finger contacts primarily 3 bp of DNA through interactions in the major groove, and fingers have been isolated that recognize
MATERIALS AND METHODS

Zinc finger nucleases.
The design and construction of the ZFNs for the y gene, yA and yB, have been described previously (BIBIKOVA et al. 2002) . The coding sequence for each ZFN was linked to the hsp70 heat-shock promoter and introduced separately into the Drosophila genome on the P element vector, pDM30 (FLYBASE). Multiple independent insertions were isolated for each nuclease and mapped to one of the three largest chromosomes. Syntenic pairs on chromosome 2 and on chromosome 3 were recovered by passage through the female germline and screening by PCR using primers specific to the unique zinc finger sequences of yA and yB.
Several such pairs were isolated; the one reported in this study (AB10) is on chromosome 3. No attempt was made to determine the precise locations of the transgenes.
The ZFNs for the targets in bw and ry were constructed in the same fashion, but were cloned into Gateway TM vectors (Invitrogen, Carlsbad, CA). An entry vector, pEntrZFN, was constructed by cloning a ZFN into pENTR 2A. New fingers were introduced into pEntrZFN by cutting with NdeI and SpeI and ligating a PCR product encoding the new finger sequences flanked with these same restriction sites. ZFN sequences were transferred with Clonase TM (Invitrogen) into pCaSpeR-hs (http://thummel.genetics.utah.edu/), which had been modified with a Gateway TM RFB cassette to generate a pDEST vector.
Existing zinc finger plasmids were used as templates for PCR with mutagenic primers that converted the codons for specificity-determining residues to those desired, based on tabulated data (LIU et al. 2002; SEGAL 2002; SEGAL et al. 1999 ) (see Table 1 ). Finger sequences for each triplet were chosen for their apparent specificity, as indicated in the published characterizations. The y and bw ZFNs are composed of fingers characterized in the Barbas lab from the latter were screened for yellow body color. With donor. Appropriate crosses were performed to bring together the ZFN genes, the donor DNA, and the genes for FLP and I-SceI. Flies with heat-inducible FLP + I-SceI transgenes on chromosome 2 were obtained from Yikang Rong and Kent Golic (RONG and GOLIC 2000a) .
For y, the yA and yB transgenes were on chromosome 3, and the cross was: Heat shocks were performed at 37˚ or 38˚, and subsequent analysis was performed as described above.
Three parameters are reported for the germline targeting experiments. First, we calculated the percent of all females and males emerging from the heat shock that gave at least one new mutant offspring. Second, the average number of germline mutants per heat-shocked parent was determined; and an estimate was made of the percent of all offspring that were mutant. Finally, the proportion of the new mutants that were products of HR and NHEJ was assessed. These figures appear most valuable to experimenters, who would want to know, how many parents do I have to screen, and how many mutants of each type will I obtain?
Southern and Western blots. Southern blot hybridizations were performed essentially as described by Gong and Golic (GONG and GOLIC 2003) To monitor expression of the ZFNs, total protein was isolated in SDS sample buffer from 10 larvae at 3, 6, and 9 hours after heat shock. Samples were fractionated by electrophoresis in a 12% polyacrylamide gel, subjected to Western blotting with anti-FokI antiserum, obtained from S. Chandrasegaran, and developed with HRP-labeled goat anti-rabbit antiserum and a chemiluminescent substrate (Pierce Biotechnology, Inc., Rockford, IL).
RESULTS
Targeted NHEJ mutagenesis at bw and ry. In previous experiments we produced new germline mutations in the Drosophila y gene by expression of a pair of ZFNs designed to target a sequence in that gene. To test whether the procedure could be extended to other genomic targets, we produced novel zinc finger combinations for sites in bw (chromosome 2R 59E2-3) and ry (3R 87D9). These loci are autosomal and interstitial, whereas y is near a telomere on the X. The sequences of the sites chosen for targeting are shown in Table 1 . In each case the gene was searched for a sequence of the form 5'-(NNC) 3 N 6 (GNN) 3 -3'. This was based on the availability of zinc fingers that bind all of the GNN triplets with good affinity and specificity (LIU et al. 2002; SEGAL et al. 1999) , the need to bind two 3-finger proteins in opposite orientations to enforce dimerization of the cleavage domain (SMITH et al. 2000) , and the observation that a spacer of exactly 6 bp between binding sites is optimal (BIBIKOVA et al. 2001 ).
The site identified in bw is in exon 7 and corresponds to codons 478-485 of the 675-amino acid gene product. The site in ry lies in exon 3 and encompasses codons 1157-1164. This sequence is within the essential pterin-molybdenum cofactor-binding domain of the gene product (xanthine dehydrogenase), in which a number of null mutations have been characterized (CLARK et al. 1986; GRAY et al. 1991) . The bw and ry products both function in the pathway leading to red eye pigment. We expected that cleavage-induced sequence alterations in either gene would be readily scored by the resulting mutant phenotype -i.e., brown eyes.
The ZFNs for each of these targets were introduced individually into the genome on P elements under the control of the hsp70 promoter. Insertions were mapped to specific chromosomes, and pairs were brought together in appropriate crosses (bwA x bwB; ryA x ryB).
Offspring were heat-shocked 4 days after initiation of the cross. Eclosing adults were crossed to partners that would reveal new germline mutations in the gene of interest. Flies carrying the bwB transgene were unable to withstand heat-shock temperatures above 35˚. This is similar to the situation with the yA ZFN, which is discussed below. In the case of ry, neither ZFN was lethal at any heat-shock temperature, so inductions were performed at higher temperatures.
The data on ZFN-induced mutation frequencies at all three loci are presented in Table 2 .
As reported earlier for y, no germline mutants were recovered from females heat-shocked at 35˚, while 5.7% of males yielded at least one new mutant, and mutants represented 0.4% of all offspring (BIBIKOVA et al. 2002) . Similarly at bw, no mutants emerged from female parents, and 2.4% of males gave mutants, representing about 0.1% of all offspring.
At ry the yields of mutants were dramatically higher. At 36.5˚ approximately half the heat-shocked parents, both females and males, produced at least one mutant offspring. The new mutants represent 3.5% (from females) and 0.9% (from males) of the total progeny. When the heat shock was performed at 38˚, 89% of females and 67% of males yielded mutants, comprising 14.0% and 6.8% of total offspring, respectively. Since each offspring represents a single gamete, and therefore a single target locus, these frequencies also report the percent of targets mutated in each case.
We conclude that zinc finger combinations can be designed to target a variety of different sequences in disparate genes and chromosomal locations. Expression of the corresponding ZFN pairs leads to targeted cleavage and mutagenesis. In the best cases, the frequency of mutation is high enough to be practical for the recovery of new null alleles.
Gene targeting at ry. Because of the high frequency of cleavage and mutagenesis at ry, we were very eager to include a marked donor DNA and test the efficiency of gene targeting.
The structure of the donor is shown in Figure 1 in relation to the ry gene. It has 4.16 kb of homology to the target, from a position within exon 2 to a point beyond the end of the gene. The ZFN target was replaced with two in-frame stop codons and an XbaI site as shown. These changes protect the donor from ZFN cleavage, ensure a null phenotype of the targeted product, and provide a convenient marker for molecular analysis. In order to present the donor in its most effective form (BIBIKOVA et al. 2003) , it was flanked with recognition sites for FLP and I-SceI.
As demonstrated by Golic and co-workers, this allows for the generation of an extrachromosomal, linear molecule in situ (GONG and GOLIC 2003; RONG and GOLIC 2000a) .
The donor DNA was introduced into the genome on a P element vector, and several different insertions were isolated.
The overall scheme of the targeting experiment is shown in Figure 2 Those lacking this site were presumed to arise by NHEJ, and sequence analysis of many such products confirmed this (see Table 2 ). Figure 3 presents the results of three separate experiments and compares them to mutant yields in the absence of donor. In the presence of a donor, nearly all of the heat-shocked flies, both males and females, gave at least one ry mutant offspring; some individuals gave more than 50. With a 37˚ heat shock, the average for all parents was 17.5 mutants from each female and 11.1 from each male. Molecular analysis was performed, using the XbaI site in the donor to distinguish HR from NHEJ products. Of 112 mutants from 39 female parents: 66 (59%) were products of HR, and 46 (41%) were from NHEJ. From 18 male parents we identified 9 (30%) HR and 21 (70%) NHEJ products. These frequencies are included in the bottom portion of Some HR mutants were verified by Southern blot-hybridization. There is a polymorphic XbaI site in the ry genes we analyzed, which complicates the results. Nonetheless, 28 of 29 HR candidates yielded SalI and SalI + XbaI digests consistent with simple replacements (data not shown). The pattern from the final mutant was that expected for a duplication of the ry sequence, in which both copies carried the XbaI mutation from the donor. This may have been generated by recombination of the cleaved target with a circular or dimerized donor. Thus, it appears that the majority of HR events were simple replacements, as expected ( Figure 2 ).
When multiple siblings were examined, it was quite common to find both HR and NHEJ mutants among the progeny of one parent. In some cases more than one NHEJ sequence emerged from a single parent. This was true among the y mutants as well (below) and reflects the induction of independent mutagenic events.
Gene targeting at y. Why are the yields of gene targeting products so much higher at ry than those observed at y (BIBIKOVA et al. 2003) ? It seems likely that this is due to the level of expression of the ZFNs. Our initial studies at the y locus were done with heat shocks at 35˚ because of low viability at higher temperatures. In the course of those experiments, we noticed that a pair of ZFNs inserted on chromosome 3 (AB10) survived higher heat shock temperatures.
Compared to siblings that did not inherit the ZFNs, AB10 flies showed no reduction in viability at 35.0˚ and 35.5˚, and yielded 35% as many offspring at 37.0˚. As far as we are aware, the only differences between this and more sensitive strains are the integration sites of the ZFN transgenes; the sequences of the yA and yB genes should be identical. Experiments with a linear donor in AB10 flies were performed at increasing heat-shock temperatures.
The structure of the y M donor is shown in Figure 4 ; it is very similar in concept to that used for ry, but the diagnostic restriction site is for XhoI and the homology with the target is 6.7
kb. The yield of y mutants with the AB10 ZFN combination is shown in Figure 5 . At 35.0˚ the numbers were quite close to those obtained previously (BIBIKOVA et al. 2003) . Between 15 and 20% of both males and females gave at least one y -offspring, and the average yield was between 0.3 and 0.4 mutants per heat-shocked parent. The percent of total candidate progeny was estimated at 0.8% for females and 1.6% for males (the latter reflecting the fact that males have only one X chromosome). The difference between the genders was statistically significant (p = 0.0125).
As the heat-shock temperature increased, the mutant yields improved quite dramatically, particularly in the female germline. At 36.5˚ 70% of females and 27% of males gave mutants (Figure 5, top) , with an average of 4.2 mutants for each heat-shocked female parent, 0.8 for each male ( Figure 5, bottom) . We estimate the proportion of all offspring that were mutant was about 10% from females, 3% from males. At 37.0˚ we recovered 4.45 new y mutants per female parent and 1.4 per male, corresponding to approximately 11% and 5% of all candidate offspring. The distribution of mutants among parents was non-uniform, with some induced flies yielding none and others giving multiple mutants. The largest cluster size we observed was 33 y offspring from a single AB10 female heat shocked at 37˚.
The trends with temperature, except that of the percent of males giving y offspring, were highly significant (p < 0.0001). At the highest temperatures the superiority of females to males in both percent giving new mutants (p < 0.0001 at 36.5˚ and p = 0.0013 at 37.0˚) and in mutant offspring per parent (p < 0.0001 at both temperatures) was very significant.
Molecular analysis was performed on a number of the new y mutants, using the diagnostic XhoI site in the donor to distinguish HR from NHEJ products. Of 954 y mutants from all temperatures, 488 were subjected to molecular analysis. A total of 380 (78%) were HR products in which the y M sequence replaced y + at its normal site on the X chromosome. The remaining 108 (22%) were apparent products of NHEJ (XhoI-resistant); some of these were sequenced to confirm this identification (see below). The proportions of each type for all temperatures and both parent sexes are superimposed on the total mutant yields in the bottom portion of Figure 5 . As was found earlier (BIBIKOVA et al. 2003) , the fraction of HR products was typically somewhat higher in the female than in the male germline. In the current experiments, 82% of mutants from females and 66% from males were products of HR. Donor experiments were not conducted at the bw locus because of the high lethality of the bwB ZFN.
Analysis of NHEJ products. We determined nucleotide sequences of many of the ZFNinduced mutations at y, bw, and ry, following amplification of the altered targets by PCR. Only rarely did amplification fail with primers located within a few hundred base pairs of the cleavage site. This indicates that large deletions are uncommon. The summary in Table 3 includes y -sequences reported earlier (BIBIKOVA et al. 2002) and examples from experiments both with and without donor DNAs. All of the alterations are localized to the immediate region of the zinc finger target, and they have characteristics seen previously for NHEJ in Drosophila and other organisms (BEALL and RIO 1996; DRAY and GLOOR 1997; GLOOR et al. 2000; JEGGO 1998; STAVELEY et al. 1995; TAKASU-ISHIKAWA et al. 1992 ; VAN GENT et al. 2001 ).
Most of the deletions were quite small, with 70% being ≤ 5 bp. Insertions were also small, most being ≤ 6 bp. A fairly common insertion at both y and ry can be attributed to fill-in of the 4-bp 5' overhang left by ZFN cleavage (SMITH et al. 2000) , followed by blunt end joining.
Deletions with insertions seem to be more common at y than at the other loci, but the significance of this observation has not been tested. The vast majority of mutations altered the reading frame, and since the targets are all in coding sequence, this readily explains the mutant phenotypes. At both y and ry, a small number of deletions and insertions retained the original reading frame, but added or deleted one or a few amino acids. Since these were also selected for their mutant phenotype, this indicates that the ZFN targets code for structurally sensitive portions of these gene products.
Lethality of the yA nuclease. In earlier experiments with y and all of those with bw, the temperature used for induction of the ZFNs was limited to 35˚ because flies carrying the yA or bwB transgene survived poorly after heat shocks at higher temperatures (BIBIKOVA et al. 2003; BIBIKOVA et al. 2002) . The yB, bwA, ryA and ryB ZFNs conferred no lethality at any temperature. It seemed likely that the lethality was due to excessive cleavage when particular
ZFNs were over-expressed. To test this, we made a single amino acid substitution in the FokI cleavage domain of yA. Replacement of aspartate with alanine at position 450 of natural FokI abolished cleavage without affecting DNA binding (WAUGH and SAUER 1993) . We made the corresponding mutation (D175A) in the coding sequence for yA and introduced it into the genome behind a heat shock promoter, exactly as was done for yA originally. Two independent transformants were isolated and tested for lethality after a 37˚ heat shock. Neither showed any reduction in viability relative to flies having no ZFN transgene. Western blot analysis confirmed that the mutant protein was expressed at a level comparable to that of the original yA nuclease (data not shown). This demonstrates that the lethality of yA was likely due to excessive cleavage and rules out the alternative hypothesis (BIBIKOVA et al. 2002) that simple binding at one or more sites recognized by the monomeric protein interferes with an essential chromosomal function, since the nuclease mutant should still bind as well as the active yA protein. Because the cleavage domain must dimerize in order to cut DNA, we presume that, at high levels of expression, the yA zinc fingers bind to non-canonical sequences leading to cleavage at unanticipated sites.
DISCUSSION
ZFN-induced gene targeting.
In this study we tested our ability to design ZFNs that would target cleavage to three different chromosomal loci in Drosophila. In each case expression of the paired ZFNs at early stages of development led to the recovery of progeny carrying breakinduced NHEJ mutations precisely at the desired target. When a linear, extrachromosomal donor DNA was included, ZFN-induced cleavage stimulated homologous recombination leading to incorporation of the marked donor at the target locus.
High frequencies of ZFN-induced gene targeting were obtained in both the male and female germlines. At the ry locus, more than 90% of induced parents gave at least one mutant offspring, and more than 10 mutants were recovered on average from each parent. The yields were somewhat lower at y, but in the best case half or more of the induced parents yielded mutants, and several new mutants emerged from each parent. These frequencies are high enough that, if reproduced at other loci, it will be possible to screen for the desired targeted products even when the introduced alteration causes no obvious phenotype. These levels of gene replacement were obtained despite the facts that only a single copy of the donor was present in each diploid genome and that competing repair pathways were available.
Cleavage of the target clearly makes an important contribution to the efficiency of gene targeting. The comparison was made directly for the y locus in our earlier study (BIBIKOVA et al. 2003) , where, in experiments conducted with a 35˚ heat shock, ZFN expression in the presence of a linear donor elevated the yield of targeted HR products 15-fold in the female germline and 60-fold in the male germline. In the current study at ry, the enhancement was even greater.
Another relevant comparison is between our data and those obtained by Golic and co-workers, who achieved gene targeting by producing linear donor DNA in situ, but without target cleavage (GONG and GOLIC 2003; RONG and GOLIC 2000b; RONG and GOLIC 2001; RONG et al. 2002 ).
This comparison is appropriate, since we adopted their approach and materials for our experiments. They obtained their highest frequencies at y, with both ends-in and ends-out donors, and targeting was much more efficient in females than in males. As shown in Table 4 , ZFNinduced HR at the y locus in females was more than 50-fold higher than achieved with the linear donor alone. A comparable ZFN-induced frequency was attained in males, several hundred-fold higher than without target cleavage. The frequency of HR at ry, a locus not tested by Golic, was even higher, with 25% of all offspring of females being new mutants and 15% the products of HR. Males yielded 14% new mutants and about 4% HR.
ZFN lethality.
In the cases of the y and bw targets, one of the two designed ZFNs was lethal when induced at high heat-shock temperatures. This lethality was shown to be due to excessive cleavage, presumably at non-canonical sites and presumably reflecting imperfect recognition specificity by the zinc fingers in question. Nonetheless, we were able to moderate the heat shock and find conditions that balanced lethality with effective target cleavage.
For y, we found a combination of yA and yB transgenes that allowed induction at higher temperatures. Since it is unlikely that the yA coding sequence is altered, we suspect that the improved viability is due to a chromosomal position effect on its expression. An inherently lower level of yA expression would be protective, but might still allow the smaller amount produced to be captured effectively at the canonical target in conjunction with excess (non-lethal) yB.
Alternatively, the tissue specificity of yA expression may be altered such that effective levels are produced in the germline, but tolerable levels in the tissue(s) responsible for its lethal effects.
Avoiding toxic side effects will be an important part of developing the ZFNs for broad use in gene targeting. One prospect is picking another target in or near the gene of interest.
Another is redesigning the zinc fingers for greater specificity. An example of this approach is the use of additional fingers; Urnov et al. found that the use of well-designed 4-finger ZFNs allowed targeting of the human IL-2Rγ gene without detectable cell loss (URNOV et al. 2005) . One could also conceivably modify the cleavage domain to reduce cutting by individual ZFNs. Finally, it might be possible to enhance the cell's or organism's ability to withstand non-targeted cleavage by enhancing repair capabilities or reducing the tendency to undergo apoptosis.
Effects of temperature and sex. We were able to increase the targeting frequencies over those we reported previously (BIBIKOVA et al. 2003) by raising the temperature of the heat shock used to induce target cleavage and donor excision. Because all four transgenes -the two ZFNs, FLP and I-SceI -were under heat shock control, the levels of all four enzymes presumably increased at higher temperatures. For this reason it is difficult to say whether the beneficial effect is attributable to a single factor -target cleavage, donor excision, donor linearization -or a combination thereof. The fact that the frequency of NHEJ also rises with temperature indicates that an increase in ZFN production is at least an important contributing factor.
The effect of temperature was particularly dramatic in the female germline. At y the targeting frequency was higher in males at 35˚ (BIBIKOVA et al. 2003) , but females were considerably more productive at higher temperatures ( Figure 5 ). In the case of ry, only high temperatures were used, and females gave higher yields. What is responsible for this sex difference? It is possible that the hsp70 promoter has a steeper temperature dependence in the female germline. It is also possible that male and female germline cells respond differently to increased levels of DSBs. The effect is not specific to the X chromosome, since autosomal loci behaved similarly to y: bw at low heat-shock temperature and ry at high temperature. The ultimate higher mutation frequency in females than in males and the higher proportion of HR events may reflect a greater propensity for DSB repair by homologous recombination in the female germline. The sex-specific differences may also reflect aspects of germline differentiation in males and females at the time of ZFN induction (LIN 1997) . Whatever the explanation, the very high efficiencies observed at y in females and in both genders at ry demonstrate that the presence of a homologous chromosome does not interfere with interaction of the cleaved target with the linear donor, which was present in only a single copy.
In experiments at ry, we observed somewhat higher overall mutation frequency and a higher proportion of HR at 37˚ than at 38˚. We can envision several possible explanations: 1) it is possible that the HR machinery is somewhat less active after the higher temperature induction; 2) the rate of NHEJ or of accurate ligation may be higher, so more DSBs are captured by these competing repair processes; 3) the lifetime of the donor may be shorter, perhaps due to an increased rate of degradation. It is important to keep in mind, however, that the duration of the heat shock is only one hour, so presumably most of the repair proceeds at 25˚ regardless of the induction temperature. Thus, it is likely that the differences reflect the physiological response to stress, rather than temperature-sensitivity of a specific repair process.
It seems clear that the targeting events we observed occurred in premeiotic germline cells. Individual heat-shocked flies often gave multiple offspring with the same mutation, indicating clonal derivation from a single event. This was true for both NHEJ and HR products.
Although there is essentially no crossing over in Drosophila male meiosis (ASHBURNER et al. 2005) , premeiotic cells in the male germline are capable of supporting homologous recombination between donor and target sequences. The relationship between the mechanism of female meiotic recombination and the events seen here is not clear.
Mechanism of gene targeting.
What is the molecular mechanism by which the HR events proceed? Several models can account for the observed products, and we illustrate two plausible ones in Figure 6 . In essentially all cell types, molecular ends are resected by 5'-to-3'
exonuclease action, and we show this as the first step. Examination of repair products following DSB generation by P element excision led Engels and colleagues to prefer a model called synthesis-dependent strand annealing (SDSA) (NASSIF et al. 1994) . In this process (FORMOSA and ALBERTS 1986; PÂQUES and HABER 1999) one of the single-stranded 3' tails invades homologous sequences, where synthesis is primed from the free 3' end. The extended end then withdraws and anneals to complementary sequences exposed by resection of the other, noninvading end, and the junctions are completed by DNA polymerase, nuclease, and ligase. Any homologous sequence can serve as template in this scheme: a sister chromatid, the homologous chromosome, or an ectopic donor. This mechanism is adequate to explain the gene targeting products we see following cleavage by the ZFNs.
We found that the configuration of the donor strongly affects its utilization for HR (BIBIKOVA et al. 2003 ). An integrated donor was quite inefficient, an excised circular donor was better, and an extrachromosomal linear donor was best. This may reflect of how readily ends created at the target can find the donor and use it as a template for SDSA. In the case of the linear donor, an alternative mechanism may also come into play. When all the participants have ends, recombination can proceed by single-strand annealing (SSA) (CARROLL 1996; LIN et al. 1984 ) (Figure 6 ). One SSA event at the left end of the donor and another at its right end would be sufficient to incorporate it into the target. This process could certainly occur with the linear donor, but may also participate when I-SceI is not present if the circular donor is occasionally broken by some other means. Because neither strand invasion nor DNA synthesis is required for SSA, this mechanism has different enzymatic requirements than does SDSA (PÂQUES and HABER 1999) . It should be possible to distinguish them in the gene targeting protocol by use of well-chosen DNA repair mutants.
Even as the frequency of HR products increased, there was always a measurable level of NHEJ mutagenesis. In many cases, NHEJ products represented a minority of the total, so there would be no difficulty in screening for a desired HR event. Since some genetic requirements for NHEJ have been defined -e.g., involvement of DNA ligase 4, Xrcc4, and the Ku70/Ku80 heterodimer ( VAN GENT et al. 2001) -it may be possible to reduce this background even further by mutation or by transient inhibition of the unique factors. There is evidence, however, that at least two NHEJ pathways are present in some cell types, only one of which depends on known components. In some assays, the overall frequency of NHEJ was not much reduced by elimination of DNA ligase 4 or a Ku subunit, although the nature of the products was affected (GUIROUILH-BARBAT et al. 2004; KABOTYANSKI et al. 1998; LIANG et al. 1996; MA et al. 2003; SMITH et al. 2003; VERKAIK et al. 2002; YU and GABRIEL 2003) . Although it appears likely that a broad range of targets can be attacked successfully with this approach, a number of issues remain to be explored regarding the potential of ZFN-induced gene targeting in Drosophila. 1) How much homology is required between donor and target for efficient gene replacement? Conceivably even smaller donors could be used than the 6.7-kb and 4.2-kb examples described here. 2) How far from the cleavage site can a change in the donor be located and still be incorporated efficiently at the target? When a break in the target was induced by P-element excision, Gloor, Engels and colleagues found polymorphisms lying some distance from the break were captured at lower, but still useful, frequencies (GLOOR et al. 1991) . When both donor and target have ends, the answer will depend on the mechanism for recombination, since at least one example of SSA showed essentially equal incorporation over substantial distances (CARROLL et al. 1994; LEHMAN et al. 1994) . 3) Can nontranscribed sequences be targeted as effectively as those in known genes? Potential effects of chromatin structure on zinc finger binding (LIU et al. 2001) have not yet been explored. 4) Can the procedure be simplified by injecting the necessary components into Drosophila embryos, much as P element injections are performed? This requires both finding means to deliver the ZFNs and the donor DNA and the cooperation of embryonic pole cells in supporting homologous recombination.
ZFN-induced targeting in
Applications of ZFNs to other systems. Because DSBs stimulate HR and NHEJ in essentially all cell types, the ZFN approach to enhanced gene targeting should be broadly useful (PORTEUS and CARROLL 2005) . Initial applications to plants (LLOYD et al. 2005; WRIGHT et al. 2005 ) and mammalian cells (PORTEUS and BALTIMORE 2003) have been reported. Particularly intriguing is the report demonstrating efficient manipulation of the human IL-2Rγ gene in cultured cells (URNOV et al. 2005) . These investigators made several modifications of the basic technique and achieved very high frequencies in targeting this gene of therapeutic importance.
They used a pair of 4-finger ZFNs based two-finger units (MOORE et al. 2001 ) and an expanded library of recognition capabilities, and the binding sites were separated by only 5 bp. While issues of efficient delivery, broad applicability, specificity and toxicity remain to be explored more thoroughly, these results suggest that ZFNs will find wide utility in stimulating gene targeting. Comparisons are made among independent experiments with ZFNs only (No Donor; data from Table 2 ) and those that included the ry M donor (Linear Donor) at several temperatures. important to remember that the first finger binds the 3'-most DNA triplet. For example, the GAG triplet in the yA target is recognized by Finger 1 (RSDNLVR). Fingers sequences without footnotes are ones derived and characterized in the Barbas lab (SEGAL et al. 1999) .
*This finger for GTG was obtained from the Barbas lab, but is not listed in their collection of derived fingers (SEGAL 2002; SEGAL et al. 1999) . †This finger for GCG is a natural sequence from the transcription factor Zif268 (PAVLETICH and PABO 1991) . ‡These fingers are from the Sangamo collection (LIU et al. 2002) . Table 2 ZFN-induced NHEJ Mutation Frequencies --------Female Germline ------------------Male Germline -------- 
_____________________________________________________________________________
For each experiment, the heat-shock temperature (hsT) is indicated. The number of female and male parents subjected to the heat shock is given, followed by the number that yielded at least one mutant offspring (Yielders), and the total number of mutants recovered. The data for y are from (BIBIKOVA et al. 2002) . 
_______________________________________________________
Results of DNA sequencing of independent mutations at each locus. 
